The electronic structure and magnetic properties of the strongly correlated material La2O3Fe2Se2 are studied by using both the density function theory plus U (DFT+U ) method and the DFT plus Gutzwiller (DFT+G) variational method. The ground-state magnetic structure of this material obtained with DFT+U is consistent with recent experiments, but its band gap is significantly overestimated by DFT+U , even with a small Hubbard U value. In contrast, the DFT+G method yields a band gap of 0.1 -0.2 eV, in excellent agreement with experiment. Detailed analysis shows that the electronic and magnetic properties of of La2O3Fe2Se2 are strongly affected by charge and spin fluctuations which are missing in the DFT+U method.
I. INTRODUCTION
Because of their close relationship with the Fe-based high-T c superconductor, there has been revived interest in iron oxychalcogenides, R 2 O 3 T 2 X 2 (R=rare earth element, T =transition metal element, X=S or Se), which have similar crystal structures.
1,2 One example is La 2 O 3 Fe 2 Se 2 (LOFS), which was first explored by Mayer et al., 3 and considered to be a strongly correlated material composed of the transition metal ion Fe 2+ . Analogous to its oxychalcogenides relatives, LOFS was determined to be a semiconductor by experiment and claimed to be a Mott insulator. Despite of the considerable research in the past, there are still some mysteries about this material to be understood. First, the magnetic structure of LOFS was found to be anti-ferromagnetic(AFM) below the critical temperature T N ∼ 90 K. However, two possible magnetic ground states have been proposed by experiments. The first model (Model I) was proposed in Ref. 2 . Within this model, the AFM ground state is described by the propagation vector k=(0.5, 0, 0.5), and the Fe ions form a spin-frustrated magnetic structure, which align ferromagnetially along the a-axis and antiferromagnetially along the b-axis. 2, 4 An interesting aspect of this magnetic structure is that it lacks inversion symmetry, which may further break the inversion symmetry of the crystal, resulting in ferroelectricity by the exchange-striction effect as possible magnetic ferroelectrics. 5, 6 The second model (Model II) is a non-collinear AFM model, which is composed of two magnetic sublattices with propagation vectors k 1 = (0.5, 0, 0.5) and k 2 = (0, 0.5, 0.5), respectively. This magnetic structure was first proposed by Fuwa et. al. 7 for Nd 2 O 3 Fe 2 Se 2 and was identified as the magnetic structure for LOFS by recent experiments. 8, 9 Within this model, the spins align in parallel in each sublattice, and perpendicular between different sublattice. In contrast with Model I, the magnetic structure of Model II still possesses the inversion symmetry.
Second, the magnitude of the local magnetic moment measured by different experiments scatters significantly, ranging from 2.62 µ B to 3.50 µ B . 2, 4, 8, 9 Thus information from reliable first-principles calculations will be helpful to clarify the sitution.
Third, LOFS was determined to be a semiconductor by electrical resistivity measurement, with a small band gap of 0.17-0.19 eV.
1,4,10 However, the band gaps obtained by the DFT+U method, even for very small Hubbard U parameters, are significantly larger than the experimental values. This suggests that the Hartree-Fock type treatment of electron correlations, which neglects the multiplet effects, might not be sufficient for this system.
In this paper, we first identify the ground-state magnetic structure of LOFS via first-principles calculations. We calculated the total energies of different magnetic structures using density-functional theory (DFT), with on-site Coulomb interaction correction (DFT+U ), including the two experimentally proposed magnetic structure models. Our results suggest that Model II is the ground state-magnetic structure of LOFS. However, the DFT+U method greatly overestimates the band gap of LOFS.
11 In order to correctly describe the electronic structure of LOFS, 1, 10 we further calculated the elec- Detailed analysis shows that there are strong charge and spin fluctuations in this system, which are responsible for a significant reduction of the band gap.
The rest of the paper is organized as follows. In Sec.II, the methods used in our calculations are described. In Sec. III A, we determine the ground-state magnetic structure of LOFS by comparing the total energies of various spin configurations using DFT+U method. In Sec. III B, we study its band structure using DFT+G method. A summary of our work is given in Sec: IV.
II. COMPUTATIONAL DETAILS

A. DFT+U
We perform first-principles calculations based on DFT within the spin-polarized generalized gradient approximation (SGGA) using Perdew-Burke-Ernzerhof functional, 12 implemented in the Vienna ab initio simulations package (VASP). 13, 14 The projector-augmentedwave (PAW) pseudopotentials with a 500 eV plane-wave cutoff are used. To account for the correlation effect of Fe ions, we add on-site Coulomb interaction U as is done in the DFT+U scheme. 15 The total energies are converged to 10 −8 eV.
B. DFT+G
LOFS is a strongly correlated system, whose band structure understandably cannot be well described by single-particle mean-field approximations like DFT+U . As mentioned above and detailed below, the band gap obtained from DFT+U calculations are too big. To correct this, we resort to the DFT+G variational method, 16, 17 which can treat the multiplet effects more accurately. The DFT+G method starts with the following manybody Hamiltonian,
The first term in Eq. (1) is a d-p tight-binding (TB) Hamiltonian constructed from non-spin-polarized GGA band structure, projected to the d-p manifold of maximally localized Wannier functions. [18] [19] [20] [21] This term apparently describes the hopping of electrons. The Wannier functions contains not only the localized 3d orbitals of Fe atoms, but also extended 2p orbitals of O atoms and 4p orbitals of Se atoms. Using the Wannier functions, the TB term can be written more explicitly as,
(2) where the operatord † imσ (d imσ ) creates (annihilates) a 3d electron of Fe atom on site i, with orbital m and spin σ. Likewise,p † imσ (p imσ ) creates (annihilates) a p electron of O and Se atoms.
The second term in Eq. (1) is a rotationally invariant Coulomb interaction Hamiltonian describing the strong on-site electron-electron interactions within the 3d orbitals of Fe atoms. We assume the spherical symmetry of local environment of the Fe atom and use a full interaction tensor as U m1σ,m2σ ′ ,m3σ ′ ,m4σ . For the detailed definition of the U tensor, we follow the method described in Ref. 22 . Within the complex spherical harmonics basis, the second term of the Hamiltonian in Eq. (1) can be explicitly expressed as,
where the U tensor satisfies the condition, The last term of Eq. (1) is a double-counting (DC) term in order to substrate the correlation effect which has been partially included in DFT calculations. The DC term is not uniquely defined, and here we adopted the choice used in Ref. 25 , where it can be expressed aŝ
The Gutzwiller trial wave function |Ψ G is constructed by applying a projection operatorP on the uncorrelated wave function |Ψ 0 from DFT calculations,
where |Γ, R are the eigenstates of the on-site HamiltonianĤ i,atom for site R, and λ(R) ΓΓ ′ are the Gutzwiller variational parameters to be determined by minimizing the total-energy of the ground state |Ψ G , through the variational method. 16, 17 More details of this method can be found in Refs. 17 and 26.
III. RESULTS AND DISCUSSION
In this section, we first study the magnetic ground state of LOFS using the DFT+U method. The most stable magnetic configuration coming out from our DFT+U calculations agrees with the one proposed by Fuwa and coworkers.
7 However, as mentioned above, the DFT+U method significantly overestimates the band gap of LOFS. We then study the band structure of LOFS using the DFT+G method. 
A. Results from DFT+U
In order to identify the magnetic structure of the ground state, we performed a series of DFT+U total energy calculations for different magnetic configurations. (a) ] means the first layer takes configuration (b), whereas the second layer takes configuration (a). This notational system is similar to that used by Zhu et. al.
1 and Zhao et. al.
11
We calculated the total energies of seven magnetic structures, including ( Experimentally it was found that the spins form AFM along the c-axis. We calculate the total energy of spin configurations with propagation vectors (1/2,0,1/2) and (1/2,0,0) for the experimental magnetic model I (AFM3, using a 2×1×2 supercell. We found that the energy difference between the AFM spin configuration along the c-axis with magnetic propagation vector k=(0.5, 0, 0.5), and the ferromagnetic configuration along c-axis with propagation vector k=(0.5, 0, 0), is only about 0.1 meV in a 2×1×2 sueprcell. Therefore, in the following studies, we ignore the anti-ferromagnetic configuration between the unit cells along the c-axis, and focus on the magnetic structure in the ab plane. To accommodate all seven magnetic structures, we use a 2×2×1 supercell. The corresponding Monkhorst k-mesh is set to 8×8×4.
The calculated energies for different magnetic configurations, are listed in Table I for various effective Coulomb U ef f =U -J, where U , and J are the Coulomb and Hund's exchange interactions respectively . One can see that, for all U ef f , the total energy of AFM6 is significantly lower than those of AFM3 and other spin configurations. The magnetic ground state of LOFS is then determined to be AFM6 for all the values of U ef f considered in our DFT+U calculations. We therefore conclude that the experimental magnetic structure Model II should be the ground state magnetic structure in LOFS. These results are consistent with previous DFT+U calculations for Sr 2 F 2 Fe 2 OS 2 .
11 We note however, in Ref. 1, the ground state of LOFS was determined to be AFM6 for U ef f =0, 1.5 and 3.0 eV, but changed to AFM1 at U ef f =4.5 eV.
For comparison, we also calculated the total energies of different magnetic configurations for Pr 2 O 3 Fe 2 Se 2 , which has the similar crystal structure as LOFS. 27 We found that its magnetic ground state is also AFM6 within the DFT+U approximation, the same as that of LOFS and Sr 2 F 2 Fe 2 OS 2 .
11 These results suggest that the Model II magnetic structure should be the common character U ef f (eV) 0 1.5 3.0 4.5 magmom(µB ) -3.4 3.5 3.6 for the oxychalcogenide materials R 2 O 3 Fe 2 Se 2 (R=rare earth).
After determining the ground-state magnetic structure, we calculate the magnetic moments of LOFS in the AFM6 configuration for different values of U ef f . The results are listed in Table II To study the electronic structure of LOFS, we calculated the band structure and density of states (DOS) by using the DFT+U method for the AFM6 spin configuration, using different Coulomb U ef f =0 -6.0 eV. The typical band structures of LOFS with U ef f =1.5 eV are shown in Fig. 3(a) . Even for a small Coulomb U ef f =1.5 eV, the band gap is as large as 1.12 eV, which is significantly larger than the energy gap E g ∼ 0.17 eV -0.19 eV, extracted from the electrical resistivity measurement.
1,10
The calculated band gaps as a function of U are shown in Fig. 3(b) . For U ef f =0, the system is metallic. For U ef f >0, there is a nearly linear dependence of the band gap upon the U ef f value as can be seen from Fig. 3(b) . For a reasonable U ef f =4.5 eV, the calculated band gap is approximately 2.0 eV, which is about one order of magnitude larger than the experimental value. The results suggest that the correlation effects are not accounted for adequately by the DFT+U method, and more advanced methods are needed to describe the electronic structure of LOFS.
B. Results from DFT+G
To correctly describe the electronic structure of LOFS, we then performed DFT+G calculations under the ground state magnetic structure AFM6. We do calcu- lations with a series of Hubbard U =3.0 -7.0 eV and Hund's exchange J=0.1 U -0.3 U . We show the results here for typical parameters U =6.0 eV, J=0.25 U , which corresponds to U ef f =U -J=4.5 eV in the DFT+U calculations.
The band-structure calculated with typical U =6.0 eV and J=0.25 U is shown in Fig. 4 . The DFT+G calculated band gap is approximately 0.121 eV, which is in excellent agreement with the value obtained by the electric resistivity measurement. 1, 10 This is in stark contrast with those obtained from DFT+U calculations. For example, DFT+U gives a very large band gap (approximately 2.28 eV) with U ef f =4.5 eV. These results clearly demonstrate that the multiplets effects, which are missing in the DFT+U methods but captured in the DFT+G method, are crucial for a correct description of the electronic structure of LOFS.
We also calculate the magnetic moments of Fe atoms using the Gutzwiller wave functions. The magnetic moments of Fe atoms are approximately 3.08 µ B for U =6.0 eV and J=0.25 U . This value is between the experimental results of Ref.
2 and Ref. 8 , which are somehow smaller than those obtained from DFT+U calculations.
The differences between the DFT+U and DFT+G methods are that the DFT+G methods correctly take account of the multiplets effects whereas in DFT+U methods only a single atomic configuration is considered. To understand the results, we further analyzed the Gutzwiller wave functions. We calculated the probability of the atomic multiplets |I of Fe atoms using the Gutzwiller ground state wave function |G , using the relation P I = G|I I|G . To display the atomic configuration more explicitly, the crystal field splitting of Fe atom is shown in Fig. 5 . The ten major atomic configurations with relatively large population are shown in Fig. 6(a) , and corresponding populations are shown in Fig. 6(b) for U =6.0 eV, and J=0.25 U . First we look at the electron occupation number of these atomic configurations. The atomic configurations cf1 has occupation number n=5 (yellow), and has the population P(n=5) = 0.015. Configurations cf2, cf3 have occupation number 6 (red), and their total population P(n=6) = 0.247. Configurations cf4, cf5, cf6, cf7, cf8 have occupation number 7 (blue) and total population P(n=7) = 0.4438, and configurations cf9, cf10 have occupation number 8 (green) with total population P(n=8) = 0.0826. These results suggest that there are strong charge fluctuations on the Fe ions. Although the local interaction in this material is quite strong leading to Mott insulator behavior, the charge and spin fluctuation is still strong for such a multi-orbital system, which reduces the single particle gap from the value obtained by HatreeFock-type approximation (i.e. DFT+U ) to about 0.1-0.2 eV.
Besides the charge fluctuation, there are also strong spin fluctuation on the Fe atoms. Configurations cf3, cf8, cf9, cf10 have total spin S=2. The total population of these configurations is P(S=2) = 0.0827. Configurations cf4, cf5, cf6, cf7 have total spin S=3, and the their total population is P(S=3) = 0.4438. Configuration cf2 has S=4, and P(S=4) = 0.247, and cf1 has S=5 with P(S=5) = 0.015. The most populated spin states in DFT+G calculations are S=3, which is smaller than the formal magnetic state S=4 in DFT+U calculations. As a result, the DFT+G calculated magnetic moments of Fe ions are smaller than those calculated by DFT+U methods.
IV. SUMMARY
We have studied the electronic structure and magnetic properties of the strongly-correlated material La 2 O 3 Fe 2 Se 2 , using both DFT+U and DFT+G methods. The ground states magnetic configuration obtained from DFT+U calculations are in agreement with most recent experiments. 8, 9 However, DFT+U calculations greatly overestimate the band gap of the material. We then investigate electronic structure using the DFT+G method, and the results show La 2 O 3 Fe 2 Se 2 is a narrow gap semiconductor, in excellent agreement with experiments. We show there are strong charge and spin fluctuations on the Fe atoms that greatly reduce the band gap and magnetic moments from the DFT+U values.
